Objective-To assess the importance of 2,3-diphosphoglycerate (2,3-DPG) and oxygen-haemoglobin binding to oxygen transport in patients with congestive heart failure.' Methods-In 30 patients with severe congestive heart failure, arterial, mixed venous, and coronary sinus venous blood concentrations of 2,3-DPG were measured and systemic output 
min/m2) varied directly with the forward cardiac index (r = 0-89, p < 0-0001). There was no relation between systemic oxygen transport and arterial oxygen content. Similarly, myocardial oxygen transport was found to vary directly with coronary sinus blood flow. Calculations of changes in cardiac index and coronary sinus blood flow at normal oxygenhaemoglobin binding indicate that a considerable increase in cardiac index and coronary blood flow would be required to maintain similar systemic and myocardial oxygen transport.
Conclusions-In patients with severe heart failure increased 2,3-DPG and reduced oxygen-haemoglobin binding may be compensatory mechanisms that maintain adequate systemic and delivery of oxygen to myocardial tissue.
(Br Heart _ 1993;70: [443] [444] [445] [446] [447] Systemic oxygen transport (the quantity of oxygen delivered to tissues for aerobic respiration) may be impaired due to reductions of either cardiac output, oxygen content of arterial blood, or the haemoglobin content of blood. In congestive heart failure, forward cardiac output may be reduced, decreasing the quantity of oxygenated blood carried to the periphery. The oxygen content of arterial blood and the haemoglobin concentration are nearly normal and are not the main factors limiting oxygen transport in patients with congestive heart failure.
Despite reductions in the cardiac output and systemic oxygen transport, systemic oxygen consumption is generally maintained by means of compensatory increases in tissue oxygen extraction.1 2 One of the mechanisms by which tissue oxygen extraction is enhanced is through a reduction in oxygen-haemoglobin affinity, favours the unloading of oxygen to tissues. 3 The reduction in oxygen-haemoglobin affinity is accomplished through increased synthesis of 2,3-diphosphoglycerate (2,3-DPG) in erythrocytes." The organic phosphate 2,3-DPG is high in patients with lung disease,9-11 cyanotic congenital heart disease,12 13 and low output congestive heart failure.'1'7 Little information is available, however, about the potential importance of the 2,3-DPG concentrations in erythrocytes to the enhancement of tissue oxygen extraction in these clinical circumstances. In this report, we present data on 2,3-DPG concentrations and oxygen-haemoglobin binding in 30 patients with severe congestive heart failure due to impaired left ventricular systolic function. We also evaluate the contribution of a reduced oxygen-haemoglobin affinity to systemic and myocardial oxygen transport and its use in these patients.
Patients and methods
Thirty patients with congestive heart failure and New York Heart Association (NYHA) class III or IV were studied. The underlying cause of congestive heart failure was coronary artery disease in 27 pmol/ml p = 0 05) than arterial concentrations and coronary sinus 2,3-DPG concentrations were the lowest (2.23 (0.22) ,umol/ml, p = 0 038). The arterial venous gradient for 2,3-DPG might be explained by a larger than normal gradient for hydrogen ions and carbon dioxide. The blood pH was 0 07 units lower in coronary sinus blood than in arterial blood, and the carbon dioxide tension was 14-2 mm Hg greater (table 1). The mixed venous pH was on average 0-05 units lower and the carbon dioxide tension 8-7 higher than arterial blood, indicating arterial to venous hydrogen ion and carbon dioxide gradients about 50% greater than normal. Oxygen transport in congestive heartfailure 20 30 Mixed venou Arterial oxygen content (ml 02/100 ml blood) (table 2) . Arterial oxygen content (ml 02/100 ml blood) Figure 4 Relation between coronary bloodflow and with anaemia, chronic hypoxia due to intrinsic lung disease,911 high attitude,'0 or cyanotic congenital heart disease,'213 and in patients with low output congestive heart failure.'4-'7 The factors directly affecting oxygenhaemoglobin binding include the blood hydrogen ion and carbon dioxide concentrations, and erythrocyte concentrations of 2,3-DPG.3 4 6 8 24 An increase in 2,3-DPG concentrations is an important adaptive mechanism by which oxygen-haemoglobin binding is reduced.71115 In this study of patients with severe congestive heart failure oxygen-haemoglobin binding was substantially reduced and 2,3-DPG concentrations were higher than normal published values. The results of our study suggest that the reduced oxygen-haemoglobin binding may be an important adaptive mechanism to maintain adequate oxygen transport in congestive heart failure. In our patients elimination of this adaptive mechanism would necessitate an increase in cardiac output of 31% and coronary blood flow of 57% to meet the same resting metabolic demands. In the presence of limited cardiac and coronary reserve, a lack of reduction in oxygen-haemoglobin binding could potentially aggravate the imbalance of metabolic demands and tissue oxygen supply often present in patients with heart failure. In another study, we found that normalisation of oxygen-haemoglobin binding by induction of acute metabolic alkalosis in similar patients resulted in substantial reductions of systemic and myocardial oxygen, which often lead to myocardial ischaemia.25 Thus reduced oxygen-haemoglobin binding seems to play a part in maintaining oxygen delivery to the tissues, particularly to the myocardium, in patients with severe congestive heart failure.
Another finding of interest in our study was the gradient for 2,3-DPG between arterial, mixed venous, and coronary sinus blood. The precise explanation for the arterial venous gradient for 2,3-DPG remains unclear. In a previous study,'6 we also found a higher coronary sinus P50 compared with that of mixed venous blood. This phenomenon may be partly explained by phasic alterations in acid base balance. Our patients with congestive heart failure have greater differences than normal in hydrogen ion and carbon dioxide concentrations between arterial, mixed venous, and coronary sinus blood (table 1) . Synthesis of 2,3-DPG falls in acidic blood and rises in alkaline blood. This is due to slower rates of glycolysis within erythrocytes at lower pH values, making less substrate available for 2,3-DPG synthesis in acidic blood.26 Also, metabolism of 2,3-DPG is faster at lower pH values: the enzyme responsible for the degradation of 2,3-DPG has an optimum pH of 7.20.26 Greater than normal differences in blood pH between arterial, mixed venous, and coronary sinus blood may thus result in greater than normal differences in both synthesis and metabolism of 2,3-DPG. The present findings also imply that the effects of blood pH on 2,3-DPG synthesis occur rapidly as blood passes through the capillary beds.
The differences in 2,3-DPG concentrations in venous and arterial blood may have physiological relevance. Lower venous concentrations may facilitate oxygen uptake in the lungs and higher arterial concentrations may facilitate unloading of oxygen to the tissues. Differences in acid base balance between arterial and venous blood are more pronounced in circulatory shock and cardiopulmonary arrest27-29 and in such clinical circumstances, these potential adaptive mechanisms may be more relevant.
These presumed compensatory changes in oxygen-haemoglobin binding are likely to be more important in the light of the fact that both systemic and myocardial oxygen transport are primarily dependent on cardiac output and coronary blood flow, as was found previously in patients with congenital heart disease" and in normal human volunteers.'0'2 As a result, shifts of oxygen-haemoglobin binding toward normal in these patients would necessitate commensurate increases in cardiac output and coronary blood flow to maintain a balance between a tissue oxygen supply and demand. 33 Experimental studies suggest that agents that directly reduce oxygen-haemoglobin binding, such as o-iodosodium benzoate,34 dihydroxy acetone phosphate,35 and pyruvate36 may decrease the extent of myocardial injury by 30%-40% during acute coronary occlusion. The effects of these agents in patients with congestive heart failure have not been evaluated. Erythropoietin increases the 2,3-DPG content of erythrocytes,37 but has not been tested in patients with congestive heart failure. Nevertheless, the results of our study suggest that such agents might be of benefit in the treatment of congestive heart failure and deserve further investigation.
There are several limitations of this study. We did not determine the values of 2,3-DPG and P50 in normal people concurrently but used the values that are widely accepted as normal. A significant variability in the 2,3-DPG concentrations and of P50 in patients with chronic hypoxic lung disease has been found.38
In our previous study on patients with normal left ventricular systolic function and without heart failure, calculated P50 concentrations were 26 1 (2 0) mm Hg.'6 Furthermore, we found close agreement between the one point technique and the method of direct measurement of P50.'6 With methods similar to ours, several studies have shown SDs of about 1 mm Hg in P50 measurements. In the present study, the SD of P50 values was similar. '6 17 It is thus unlikely that this inadequacy would have influenced the results qualitatively. We also did not measure systemic and coronary haemodynamics concurrently in a control group. In a previous study, however, we determined system and coronary haemodynamics in patients without heart failure.39 In these patients the cardiac index was 3-0 (O 6) 1/min/m2. Coronary blood flow was 74 0 (37) 1/min and myocardial oxygen consumption was 8-7 (4-2)ml/min. Thus in patients with heart failure in this study, both coronary blood flow and myocardial oxygen consumption were considerably higher, and cardiac index lower than normal. The other limitation is that change in these adaptive mechanisms were not assessed during stress. Nevertheless, the results suggest that even in the resting condition a number of compensatory mechanisms are called upon to maintain adequate delivery of oxygen to the tissues of patients in severe heart failure, and decreased oxygen-haemoglobin binding associated with increased 2,3-DPG is probably one of them. 
